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????????????????????????????????????????
????????????????????????????????????????
(2-2)???????????????????????????????????????
????????????????????????????????????????
??????????????????????? 2-3)????????????????
?????????????? l/h??????????????????(1-1)?????
l/h??????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
? ??????????????????????????????????????
??????????????????????????????????????
?????
???????????????????????????????????????
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? ?????? Abaqus?????????????????????????
? ???????????? 6????????? 15%???????? A??????
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???????????????????????????????????????
????(C)?????????????????????????????????
0.05???????????????? 2-1????
? 2-1? ????
No. ????? ????? ???
A 
6?
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C 3.39? 15% 0.69 
??????Abaqus/Standard (?????) 
??????CAX4R (????????/???4???????) 
??????
?????????
?????0.22mm
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? ????????()??(2-1)??????????????????????????
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e=
ep
ep0
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??????????p?????????p0?????????????
? ??????????????????????? 2-1??????????????
????? 2-2????? 2-1???? 2-2?????????????
?? ????(A)????????????????????????
?? ????????????????????????????(B)???????
????????????????(A)????????
?? ?????????????????????????????????????
???????(B)?????????????????????????????
?? ?????????????????????????????????????
???????????????
? ????????????????B? C???????????????????
???????????????????????????????????????
???????????????????????????
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? ? ? ? ? ? ? ? ? ? ? ????0.69 
(C)? ??????3.39?
? ? ? ? ? ? ? ? ? ? ? ? ??????15% 
? ? ? ? ? ? ? ? ? ? ????0.69 
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3.1? ??
? ???????????????????????????????????????
??????????????????????????? 3-1) ~ 3-4)??????????
3-5)???????????????????????????????????????
2 ???????????????????????????????????????
??????????????????? 2????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????? 3-6)???????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
(???)????????????????????????????????????
????????????????????????????????????????
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3.2? ????
3.2.1? ???
? ??????JIS G 3506???????????? SWRH82B??? 8.0mm??????
?????? 3-1????
? 3-1? ????????? (??%) 
C Si Mn P S Fe 
0.83 0.24 0.71 0.008 0.012 Bal. 
3.2.2? ????
? ??????????????????? 3-1??????????????????
???????????????(????)??????? 3-2 ???????????
????????? 3-1 ?????????????????????-120??????
?????? 15m/min??????????????????????????????
???????????????????????(???)? 3 ???????????
???????????? 3-2??????????????????????????
??????? 3-3???????????????????????????????
????????????????????????????????????????
????????????????????(-80?)????????????????(?
???????? HD-1200E)???????????????????????????
???????????????????????????????????????
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?? 3-1? ?????????????
?? 3-2? ???????
10m 
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? 3-2? ????
?? No. ???? ?? ?????? ????? ????????
1 
??????????
??????
?????
-80?
4? 8.00?6.22 2 
???????
?????
3 
???
(???) 
4 
????????
??????
?????
6? 8.00?7.10 5 
???????
?????
6 
???
(???) 
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? ? ?
?
???
???
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?? 3-3? ???????
3.2.3? ????
? ???????????????????????????????????????
????????????????????????????????????W???
????WN??????WR??????WS?????
W =WN+ WR + WS
????? 3-7)??????????????????????????????????
????????????????????????????????????????
????????????????????
(?????????) = (???????) + (???????) 
?????????????????????????????????
???????????????????????????????????????
?? Siebel??(3-1)3-8)??????????????(-80?)????????????(?
? 3-4)???????????????????????(3-2)???????(Ym)???
?????
??????
????
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???
 =  PzA1Y - 23
ln A0A1
-1 (3-1)
????Pz??????Y?????????????????????????????
????????????????????(radian)?A0?????????A1????
????????
Ym Y

      (3-2)
????Ym???????????
?? 3-4? ??????
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3.3? ????
3.3.1? ??????
? ?????????(Y)?????????????????????????????
-?????? 3-2?3-4???????? 3-3????????????????????
?????-80?????????? 70%????????????
? 3-2? ?8.0mm? ??
? 3-3? ?8.0mm? ??(-80?) 
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- 36 - 
? 3-4? ?7.0mm??
? 3-3 
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?
?
/k
N
?? /%
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TS(MPa) 1421 
0.2%YS(MPa) 1030 
??
(mm) 
????
(?) 
????
(MPa) 
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-80 1161 
R.T. 684 
7.1 R.T. 1030 
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3.3.2? ????
??????????(?? No.1?3)??????????????? 3-5??????
??????(?? No.4?6)??????????????? 3-6???????????
??????????????????????? 3-7???????????????
????????????????????????(?? No.1)???????? 28kN
??????????????????????????????????(???)??
?(?? No.2, 3)?????????????????????????????????
???????????????????????
??????????????????????????????????????(?
? No.4)?????? 23kN????????????????????????????
(?? No.5)???????????????????????????????? 28kN
?????????????????????????????????????????
???(???)(?? No.6)????????????????????????????
?????????????????
????????????????????? 3-5?? 3-6?????????????
????? 40s?????????????????????????????????
????????????????????????????????????????
????????????????????????????????? 3-5?????
???? 25kN ???????????????????????? 25kN ??????
??(? 3-7) 
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? 3-5? ???????????????
? 3-6? ?????????????
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? 3-7? ??????????????
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3.3.3? ???
? ????????? 3-4????????????????????????????
????????????????????????????????????????
??? m(m<1)?????????????????????????????????
t1??(3)??????????? 3-9)?
t1=t0+
1
c 	
Ym 
A0A1 -1 1+ m +0.77Ya (3) 
????t0????????????t1??????????????????c????
?????m ?????? 0.85 ???????????????? 3.3.4 ??????
????????????????????????????? 3-4????
?????????????????????(???)??? No.2, 3????????
????????????????????????????????????????
?-80??????????????????????????????????????
????????????????? 90?100????????(150?)????????
???????????????????(?? No.4)?????????30?40????
?????????????????? 5, 6????????????????????
???(???)?????????????? No.1?????????????????
??? 100????????????
? 3-4? ???????
No. ????? ????? ???
1 
-80 ? -70?
90?100? 112?
2 ? ?
3 ? ?
4 30?40? 43?
5 80?130? 54?
6 100?150? 61?
Cf. R.T. 120?130? 142?
- 41 - 
3.3.4? ????
? ??????????????????????????????????????
??????????????????3-6????????????????????(?
? No.1)??????????????(?? No.1)?????? 0.040?????????
????????????? 0.118????(???)? 0.139?????????????
?????????????????(???)???????????????????
???????
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? 3-6? ????????
No. ???? ??? ????? ???????? ????
1 
??????????
??????
?????
4? 8.00?6.22 
0.040 
2 
???????
?????
?
3 
???
(???) 
?
4 
????????
??????
?????
6? 8.00?7.10 
0.089 
5 
???????
????? 0.118 
6 
???
(???) 0.139 
??? ?????????
??????
?????
4? 8.00?6.22 0.058 
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3.4? ??
3.4.1? ????
? ???????????????????????????????????????
??????????????(???)??????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????? 3-5?????????????????????????
?? 3-6????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????(???)???????????????????????????????
??????????????
? ????? 3-6)????????(???)?????????????????????
?????????????????HV? 270??????????? HV180????
??????????????? HV400 ?????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????(???)????????????
????????????????????????????????????????
????????????????????????????????????????
?????????(???)???????????????????????????
??????????????????????????????? 3-7???????
????????????????????????????????????????
???????????????????????(???)?????????????
????????????????????????????????????????
??????????????????????????????????(???)??
????????????????????????????????????????
??????????????
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?? 3-5? ????????????????
?? 3-6? ???????
- 45 - 
a)? ?????
b)? ?????
c)? ???
?? 3-7? ???????
1.00mm 
1.00mm 
1.00mm 
- 46 - 
3.4.2? ???
????????????????(?? No.1)??????????????????
???????????????????(150?)??????????????????
???????????????????????(?? No.4)????????????
???????????????????????????????????(???)?
????????????????????????????????????????
?????????????????????????????? PZ?????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
3-7???????
3.4.3? ????
??????????????? 0.058 ???????????? 0.050 ??????
??????????????????????????(?? No.1)?????? 0.040
????????????????????????????????????????
?????????????????????????????????????????
?????????+??????????????????????????????
???? 300?500?????????????????? 4)??????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????? 0.050?????????????????
????????????????????????????????????????
????????????????????????????????????????
????????
- 47 - 
3.5? ??
???????????????????????????????????????
??????????????????????
1)? ???????????????????????? (?????????????
??) ????????????????????????????????
2)? ??????????????????????????????????????
?????????????? 0.04???????????????????? 0.05 
???????????????????
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?????
3-1) Yamada?Y. : Trans. Iron Steel Inst. Jpn.?16(1976)?417-426?
3-2)? ????????????????27-2(1977)?57-60?
3-3)? ??????????????????????23-3(1973)44-52?
3-4)? ???????????????????????????26-3(1976)?65-69?
3-5)? ???????????????378(2003)?pp.77-80?
3-6)? ????????????pp.31-36????????(1998) ?
3-7)? ?????????, (1985)?17-19??????
3-8) Pomp, A., Siebel, E. & Houdremont, E.?Stahl und Eisen, 49(1929), 561-567?
3-9) Geleji?A. ?????????????????????, (1965)?21??????
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? 4?? ????????????????????
????????
4.1? ??
? ????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????? 1????????????
????????????????????????????????????????
????? 1??????????????????????????????????
????????????????? 2 ??????????????????????
?????????????2?????(200?)??????????????????
????????????????????????????????????????
??
?? 1?????????????????? ?? ????
? ?? ???????????? ? ? ? ? ?? ????
? ?? ???????????? ? ? ? ? ? ? ? ?? ???????
?????????????????????????????????? 2?????
(200?)?????????????????????????????????????
??????
? ???????????????????????????????????????
????????????????????????? 1??????????????
????????????????????????????????????????
????????
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4.2? ????
4.2.1? ???
? ??????JIS G 3506???????????? SWRH82B??? 8.0mm??????
?????? 4-1????
? 4-1? ????????? (??%) 
C Si Mn P S Fe 
0.83 0.24 0.71 0.008 0.012 Bal. 
4.2.2? ????
? ??????????????????? 4-1??????????????????
???????????????(????)????????????????????
??????????? 1.8mm(???? =3.0)??????????????????
??????????Geleji?????? 4-1)???????????????T? 160?
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????? 6????1 ?????????????????
?????????????????????????? 4?????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
-120???????????????????? Geleji ???????????????
??????T?250???????????????????????????????
????? 15m/min???????????????????????????????
????????????????????????????????????????
????????????????????????????????? 4-2????
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?? 4-1? ?????????????
? 4-2? ????
???? ???? ?????? ?????
??
??????
?? ???? ??
6?
??
????????
(T?160K)*1 ??? ?????
-120?
???
????? ???
??????
??
????????
(T?250K)*2 ???
???
4?
*1  ?8.00 - 6.60 - 5.60 - 4.80 - 4.20 - 3.70 - 3.30 - 2.95 - 2.66 - 2.40 - 2.18 - 2.00 (mm)
*2-1?8.00 - 6.22 - 4.87 - 3.93 - 3.22 - 2.70 - 2.30 - 2.00 – 1.80 
(????????? 6???T?250K) 
*2-2?8.00 - 6.22 - 5.00 - 4.13 - 3.50 - 3.01 - 2.62 - 2.30 - 2.03 - 1.80 
(????????? 4???T?250K) (mm)
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4.2.3? ????
? ?????? 4-1???????????????????????????????
???????????????????????????????? 2????????
???????????-120????????????????????????(mm)?
2????(?)????????????????
4.2.4? ??????
? ???????????????????????????????????????
????????????????????????????????????????
1???????????????????????????????????????
??????????-120???????????????-120???????????
??????????????8mm?4mm?2mm?????????????????
4-2??????????? 4-3????????? 2mm?4mm??????????(mm)
?????(?)?????-120??????????????????8mm?????
-120????????? 15????????????????????????????
?????-120???????????(mm)? 2????(?)??????????
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? 4-1? ???????
????
???
??
????
???
???
???
???? ???
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? 4-2? ???????
? 4-3? ????????
?? ??
2.0mm 2?
4.0mm 4?
8.0mm 15?
-140
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0
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?
?
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4.2.5? ????
? ???????????? JIS Z2241???????????????????????
??????????????? JIS G 3521????????????????????
????????????????????????JIS Z 2244?????????????
?????????????????????? 4-3???????? 4-2)???????
??????????????????(FEA)???????????????????
??????
 = 1
2
E ( d - h )

l2
? 4-3? ?????
l 
h 

d 
E??????d???(mm)?h??????(mm)?
??????????(mm)?l???????(mm)
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4.3? ????
4.3.1? ????
? ??????????????????????????? 4-4??????????
???????????????? 4-4?????????????= 2ln(d0/d1)????
?????d0???????? d1??????????????? 4-5????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????? 1%?????
????????????????????????????????????????
???????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????? 2.30mm????????????
?????????????????? 14.8 ???????????????????
13???????
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? 4-4? ???????????????
???????? 6???T?160K ????????? 6???T?160K 
??
mm 
????
????
MPa 
???
?
??
mm 
????
????
MPa 
???
?
8.00 0 1,297 
?
8.00 0 1,297 
?
6.60 0.38 1,506 6.60 0.38 1,505 
5.60 0.71 1,616 5.60 0.71 1,604 
4.80 10.2 1,693 4.80 10.2 1,688 
4.20 1.29 1,788 44 4.20 1.29 1,776 26 
3.70 1.54 1,872 40 3.70 1.54 1,870 30 
3.30 1.77 1,973 38 3.30 1.77 1,989 28 
2.95 2.00 2,064 32 2.95 2.00 2,055 24 
2.66 2.20 2,200 30 2.66 2.20 2,182 26 
2.40 2.41 2,314 24 2.40 2.41 2,324 24 
2.18 2.60 2,471 22 2.18 2.60 2,444 18 
2.00 2.77 2,540 20 2.00 2.77 2,570 22 
????????? 6???T?250K ????????? 4???T?250K 
??
mm 
???? ????
??? ??
mm 
????
????
MPa 
???
?
8.00 0 1,297 ? 8.00 0 1,297 ?
6.22 0.50 1,533 30 6.22 0.50 1,527 26 
4.87 0.99 1,676 36 5.00 0.94 1,683 33 
3.93 1.42 1,846 32 4.13 1.32 1,802 31 
3.20 1.83 2,021 36 3.50 1.65 1,910 29 
2.70 2.17 2,215 28 3.01 1.96 2,113 32 
2.30 2.49 2,457 24 2.62 2.23 2,179 30 
2.00 2.77 ? ? 2.30 2.49 2,423 31 
1.80 2.98 ? ? 2.03 2.74 2,585 28 
    1.80 2.98 2,826 27 
???????????
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????????? 6???T?250K 
????????? 4???T?250K 
? 4-4? ??????????????????????????
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? 4-5? ????
????
??????
MPa 
????
mm 
?????
???????? 6???T?160K 2,471 2.18 13.0 
????????? 6???T?160K 2,444 2.18 12.7 
????????? 6???T?250K 2,457 2.30 13.4 
????????? 4???T?250K 2,826 1.80 14.8 
4.3.2? ?????
? ?????????????????? 4-4 ???????? 4-6 ?????????
????????????? 3???????(n=3)?1???????????????
????? 4-4????????????????????? 4-2?4-3????????
?????????????????4.3.1? ????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????????????????
? 4-6? ???????
????
???????????
????
???????? 6???T?160K 2.60 
????????? 6???T?160K 2.60 
????????? 6???T?250K 2.49 
????????? 4???T?250K 2.98 
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? ? ???????? 6???T?160K? ?? 4.20mm =1.29? ? ? ? ? ? ? ????????? 6???T?160K? ?? 4.20mm =1.29 
???????? 6???T?160K? ?? 2.66mm =2.20? ? ? ? ? ? ? ????????? 6???T?160K?? 2.66mm =2.20 
???????? 6???T?160K? ?? 2.18mm =2.60 ????????? 6???T?160K? ?? 2.18mm =2.60 
?? 4-2? ??????????????????
1.0mm 1.0mm
1.0mm 1.0mm
1.0mm 1.0mm
ND
RD
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????????? 6???T?250K? ?? 3.93mm =1.42? ? ? ? ? ? ????????? 4???T?250K? ?? 4.13mm =1.33 
????????? 6???T?250K? ?? 2.70mm =2.17? ? ? ? ? ? ????????? 4???T?250K? ?? 2.62mm =2.23 
????????? 6???T?250K? ?? 2.30mm =2.49? ? ? ? ? ????????? 4???T?250K? ?? 1.80mm =2.98 
?? 4-3? ??????????????????
1.0mm 1.0mm
1.0mm 1.0mm
1.0mm 1.0mm
ND
RD
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4.3.3? ?????
? ????????????? 4-5????????????????????????
????????????????????????????????????????
??????????
? ???????????????????????????????????????
?? 4-6 ??????????????? 4-4 ???????????????????
??????????? 30%????????????
? ?????????(FEA)?????????????? 4-6????????????
?????????? 0.22mm??????? 200GPa???????? 0.3??????
? CAX4R(????????/???4?????????)????
????????????????????????????????????????
????????????????????????????????????????
??????????????????
? 4-6? ????????
????
?????
h (mm) 
??
d (mm)
????
??
l (mm) 
???
?????
(mm)
??
??
MPa 
??
??
???
MPa 
??
????? 6?
?T?250K 
0.4 
2.40 
30 
6.84 1518 
1270 
4.60 1021 
???
????? 4?
?T?250K 
2.30 
4.34 916 
953 
4.69 990 
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???????? 6???T?160K 
????????? 6???T?160K 
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???????? 6???T?160K? ?2.66mm 
???????? 6???T?160K? ?2.40mm 
????????? 6???T?160K? ?2.66mm 
????????? 6???T?160K? ?2.40mm 
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????????? 6???T?250K 
????????? 4???T?250K 
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????????? 6???T?250K? ?2.30mm 
????????? 4???T?250K? ?2.62mm 
????????? 4???T?250K? ?2.30mm 
????????? 4???T?250K? ?2.03mm 
????????? 4???T?250K? ?1.80mm 
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???????? 6???T?160K 
????????? 4???T?250K 
?? 4-4? ????????????
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5mm
5mm
5mm
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???????? 6???T?160K? ? ? ? ? ????????? 6???T?250K 
????????? 6???T?160K 
????????? 4???T?250K 
? 4-6? ?????????
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????????
??
??
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??
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ND
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4.4? ??
? ?????????????????????????????????????? 4-7
????????????????????????????????????????
?????????????????????????? 4-8????????????
????????????????????????????????????????
?????????????????????????????????????????
? 4-7? ??????????????????
(???????? 6???T?160K?
????????? 6???T?160K) 
10
20
30
40
50
60
70
80
90
100
750
1,000
1,250
1,500
1,750
2,000
2,250
2,500
2,750
3,000
0.0 0.5 1.0 1.5 2.0 2.5 3.0
?
?
?
/?
G
.L
.=
10
0D
?
?
?
?
/M
Pa
???? e
????????
????? ???
???????? 6???T?160K ?? ? ?
????????? 6???T?160K ?? ? ?
- 69 - 
? 4-8? ??????????????????
(????????? 6???T?250K?
????????? 4???T?160K) 
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4.4.1? ?????
? ?????????????????????????????????? 4-7????
???????????????????????????????????????
????????????????????????? 15m/min???????????
????????????????????????????? 160?????????
????????????????????????????????????????
?????????????????? 60?80???????? 40?50???????
????????????????????????????????????????
??????????????????????????????????????? 2.0
????????????????????????????????????????
??????????????????????? 4-4???????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
(?????)??????????????????????????????????
????? C?N????????????????????????????????
???????????????????????????????????????
?? 4-3)?????????????????????????????????????
????????????????????????????????????????
???? 2.5 ??????????????????????????????????
????????????????????????????????????????
???????????????????????????????
- 71 - 
4.4.2? ???????
? ???????????????????????????????????????
???????????????? 4-8 ????? 4-7 ???????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
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